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Abstract 16 
Brønsted acid ionic liquids (BAILs) have been prepared and applied for the first time – to the best of 17 
our knowledge – as efficient catalysts in the acetylation of glycerol with acetone to form solketal ((2,2-18 
dimethyl-1,3-dioxolan-4-yl)methanol) at very mild reaction conditions (room temperature) and short 19 
reaction times. The BAILs showed a superior catalytic performance in terms of both conversion and 20 
selectivity compared to the common mineral acid methanesulfonic acid as well as to other reported 21 
homogeneous and heterogeneous catalysts. Catalyst reusability was demonstrated with one of the 22 
BAILs (BAIL-1), which was recovered and reused by a simple procedure in four consecutive reaction 23 
runs without any loss of catalytic activity and selectivity. Thus, the BAILs combine the advantages of 24 
both homogeneous and heterogeneous catalysis with respect to excellent conversion and selectivity as 25 
well as easy recyclability.  26 
 27 
 28 
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1. Introduction 29 
In the past century, the World has been largely dependent on oil as the main source for chemicals and 30 
energy production. In the coming years, the oil demand is expected to considerably increase due to the 31 
exponential economic growth of the emerging countries BRIC (Brazil, Russia, India and China). This 32 
increased demand in finite fossil resources, requires the development of new and sustainable sources 33 
for fuels and bulk chemicals. In this connection, biomass is a very attractive alternative feedstock, as it 34 
is the only widely available renewable carbon source.1  35 
Biodiesel (fatty acid methyl ester; FAME) is already an applied renewable fuel produced in large-scale 36 
by transesterification of triglycerides from plant or animal oil with methanol in the presence of acid or 37 
basic catalysts.2 Due to its physicochemical properties, biodiesel is practically compatible with 38 
commercial diesel engines and provides similar fuel features as the fossil diesel. Moreover, the 39 
renewable nature offer added benefits such as, e.g. less toxicity, less emissions and biodegradation.3 40 
Also notably, the synthesis of biodiesel yields glycerol in amounts corresponding to 10 wt. % of the 41 
produced biodiesel as a potentially valuable resource.4 Glycerol has many applications areas in, for 42 
example, cosmetics, foods, pharmaceuticals and polymers,5 but the global biodiesel production 43 
generates amounts of glycerol that – if used - would saturate the current market and decrease its 44 
commercial value. Thus, a different strategy is to utilize glycerol as an attractive feedstock for 45 
production of value-added chemicals.7,8  46 
Acetylation of glycerol with acetone to yield 2,2-dimethyl-1,3-dioxolane-4-methanol (i.e. solketal) has 47 
attracted special interest as an approach to utilize biodiesel glycerol, because solketal has direct 48 
applications as fuel additive, surfactant and flavoring agent.9-11 Solketal synthesis is generally carried 49 
out via condensation of glycerol and acetone in the presence of a Brønsted or Lewis acid catalyst 50 
(Scheme 1), which may be either dissolved (homogeneous) or solid (heterogeneous).4,12-15 The 51 
homogeneous catalysts, often strong mineral acids, such as methylsulfonic acid (MSA) are hampered 52 
by their recyclability, and the heterogeneous catalyst systems typically require cumbersome and 53 
expensive synthetic procedures.  54 
 55 
Scheme 1. Acetylation of glycerol with acetone in acid media 56 
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Ionic liquids (ILs) are low-temperature molten salts (often liquid at room temperature) with intriguing 57 
physicochemical properties that can facilitate novel applications in diverse fields like, e.g. 58 
electrochemistry, analytics, tribology and catalysis. The nature of many IL ions allow them to be 59 
designed to accommodate functional groups, which can provide the ILs with auxiliary reactivity.16 In 60 
line with this, Davis and coworkers designed and synthesized Brønsted acid ILs (BAILs) in 2002.17 61 
This class of task-specific ILs have since been applied in numerous traditionally mineral acid-catalyzed 62 
reactions as alternative catalyst and reaction media with good to excellent results.18-26 In this work, we 63 
report for the first time, the use of BAILs as efficient and reusable catalysts in the acetylation of 64 
glycerol with acetone to selectively yield solketal at room temperature and short reaction times.  65 
2. Results and discussions 66 
2.1. Influence of reaction temperature and reaction time 67 
The acetylation of glycerol with acetone is an equilibrium reaction and the rate of the reaction is 68 
accordingly expected to depend on the reaction temperature, the acetone to glycerol ratio as well as the 69 
nature of the catalyst. The reaction was initially examined at acetone:glycerol molar ratio of 3:1 at 70 
different reaction temperatures from room temperature to 50 °C choosing BAIL-1 (figure 1) as catalyst. 71 
As shown in Figure 2, conversion and selectivity near 70 and 98 %, respectively, were achieved after 72 
30 min at all examined reaction temperatures. The obtained conversion is expected to be reached faster 73 
at higher temperatures, but room temperature (approx. 24 °C) was chosen as the preferred reaction 74 
temperature for further experiments. 75 
 76 
Figure 1. BAILs synthesized and applied in the acetylation of glycerol with acetone 77 
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 79 
Figure 2. Influence of the reaction temperature in the acetylation of glycerol with acetone. Reaction conditions: 30 mmol 80 
glycerol (acetone:glycerol = 3:1), 0.2 mol% BAIL-1 (based on glycerol), 30 min. 81 
Real-time Raman monitoring during reaction was done for all three catalysts (MSA, BAIL-1 and 82 
BAIL-2 (figure 1)), and the recorded Raman spectra are shown in Figure 3. The Raman bands of 83 
glycerol were rather weak in this spectral window, being located near 680 cm-1. The most informative 84 
bands were those at 638 and 648 cm-1, corresponding both to solketal, and that near 730 cm-1 associated 85 
to the formation of a glycerol and acetone adduct formed before cyclization into solketal, as pointed out 86 
recently by Stawicka and co-workers.27 The formation of the intermediate was apparent from the first 87 
few minutes and its evolution depended strongly on the catalytic system. Hence, for MSA the adduct 88 
formation went through a maximum after 2-3 min of reaction, where after it remained present during 89 
the rest of the experiment affecting the reaction selectivity. In contrast, the conversion of the 90 
intermediate adduct was faster in the presence of the BAILs, thus resulting in higher reaction selectivity 91 
for the BAILs compared to MSA under the studied reaction conditions.  92 
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 93 
Figure 3. Real-time Raman monitoring in the acetylation of glycerol with acetone with catalyst a) MSA, b) BAIL-1 and c) 94 
BAIL-2. Reaction conditions: 30 mmol glycerol (acetone:glycerol = 3:1), 0.2 mol% catalyst (based on glycerol), room 95 
temperature. 96 
A time study of the reaction at room temperature with BAIL-1 revealed that the glycerol conversion 97 
increased linearly up to 30 min runtime, but remained unchanged at longer reaction times confirming 98 
that equilibrium was reached already at 30 min reaction (Figure 4a). Noteworthy, the selectivity also 99 
changed slightly with reaction time only reaching the 98 % after 30 min suggesting that an intermediate 100 
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was formed during the reaction, as also monitored with real-time Raman (Figure 3) and further 101 
quantified by analysis of the representative normalized Raman bands during the reaction (Figure 4b).  102 
 103 
Figure 4. Influence of the reaction time in the acetylation of glycerol with acetone represented by a) GC analysis and b) 104 
normalized area of bands during real-time Raman monitoring. Reaction conditions: 30 mmol glycerol (acetone:glycerol = 105 
3:1), 0.2 mol% BAIL-1 (based on glycerol), room temperature. 106 
2.2. Influence of the catalyst type and catalyst loading 107 
The acetylation performance of the two prepared BAILs were compared with MSA in more detail at 108 
room temperature with acetone:glycerol molar ratio 9:1 (Figure 5). The two tested BAILs yielded 109 
similar high selectivity to the solketal (98 %), while BAIL-1 containing a phosphonium cation gave 110 
slightly higher conversion after 15 min reaction than BAIL-2 with an imidazolium cation  (88 vs 84 %). 111 
Notably, both BAILs performed better than MSA at the same reaction conditions when using both 0.2 112 
and 1.4 mol% MSA (based on glycerol), as only 63 and 74 % conversion and selectivity of 90 and 98 113 
%, respectively, were obtained here. The shorter reaction time of 15 min allowed the activity 114 
differences of the catalysts to be measured prior to equilibrium was reached.  115 
 116 
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Figure 5. Influence of the reaction temperature in the acetylation of glycerol with acetone. Reaction conditions: 30 mmol 118 
glycerol (acetone:glycerol = 9:1), 0.2 mol% catalyst (based on glycerol), room temperature, 15 min. *1.4 mol% MSA 119 
(based on glycerol). 120 
The effect of the catalyst concentration on the reaction was studied by testing different amount of 121 
BAIL-1 corresponding to 0.1-0.8 mol% (based on glycerol) with a reaction of 15 min and an 122 
acetone:glycerol ratio of 3:1. As shown in Figure 6, the maximum conversion rate was achieved with 123 
0.4 mol% catalyst (TOF = 661 h-1; mol glycerol converted per mol catalyst per hour), while further 124 
increase of catalyst loading didn’t affect neither conversion nor selectivity. 125 
 126 
Figure 6.  Influence of the catalyst loading (mol% based on glycerol) in the acetylation of glycerol with acetone. Reaction 127 
conditions: 30 mmol glycerol (acetone:glycerol = 3:1), room temperature, 15 min. 128 
2.3. Influence of the acetone to glycerol ratio 129 
As mentioned above, the acetylation of glycerol with acetone is an equilibrium reaction and the solketal 130 
product formation is therefore dependent on the concentrations of the reactants. Hence, when the initial 131 
acetone to glycerol ratio is increased the glycerol conversion is also anticipated to increase. Reactions 132 
with different ratios were tested using BAIL-1 as catalyst at room temperature and 30 min reaction time 133 
(Figure 7). As expected, the highest conversion was indeed achieved with acetone:glycerol ratio of 15 134 
(100 % conversion, 98 % selectivity), while lower conversions were obtained at lower ratios.  135 
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 136 
Figure 7.  Influence of the acetone:glycerol ratio in the acetylation of glycerol with acetone. Reaction conditions: 30 mmol 137 
glycerol, 0.2 mol% BAIL-1 (based on glycerol), room temperature, 30 min. 138 
2.4. Recycling experiments 139 
Catalyst recovery and recycling with maintenance of catalytic performance are generally challenging 140 
for homogeneous catalyst systems. Here, the recycling potential of the prepared BAIL-1 catalyst was 141 
evaluated for the acetylation reaction at room temperature after 15 min reaction time with 400 mg of 142 
catalyst near to full glycerol conversion (Figure 8). The catalyst showed to be easy to recycle after 143 
precipitation with diethyl ether and centrifugation/filtration, and maintained catalytic performance with 144 
respect to both conversion (92-96 %) and selectivity (98 %) in at least four consecutive reaction runs. 145 
The ease of preparation of BAIL-1 - two reaction steps and no special handling - as well as its excellent 146 
catalytic performance makes this catalyst superior to most of the homogeneous and heterogeneous 147 
Brønsted acid catalysts reported so far for acetylation reactions like the solketal formation. 148 
 149 
Figure 8. Recycling experiments with BAIL-1 in the acetylation of glycerol with acetone. Reaction conditions: 30 mmol 150 
glycerol (acetone:glycerol = 15:1), 400 mg BAIL-1 (2.7 mol% based on glycerol), room temperature, 15 min.   151 
3. Conclusions 152 
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Brønsted acid ILs (BAILs) have been prepared and applied for the first time – as far as we are aware – 153 
as catalysts in the acetylation of glycerol with acetone to form solketal at very mild reaction conditions. 154 
Quantitative glycerol conversion and 98 % selectivity towards solketal were achieved with only 0.2 155 
mol% BAIL-1 catalyst after 30 min reaction at room temperature, which is superior performance 156 
compared to the common mineral acid MSA as well as other homogeneous and heterogeneous catalysts 157 
reported in the literature for this reaction. Real-time Raman monitoring confirmed the formation of an 158 
intermediate adduct during the first minutes of the reaction using both BAILs and MSA, but adduct 159 
conversion was more facile with the former catalysts thereby resulting in higher selectivity. 160 
Importantly, the BAIL-1 catalyst could further be recycled up to four times without any loss of 161 
catalytic activity and selectivity.  162 
In summary, the reported BAILs are prepared in a simple, two step synthesis procedure and combine 163 
the advantages of both homogeneous and heterogeneous catalysis with respect to excellent conversion 164 
and selectivity as well as easy separation and reuse.  165 
Supporting Information 166 
All experimental details about Brønsted Acid Ionic Liquids synthesis and characterization (NMR, 167 
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